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Revised: 12 June 2026 electrochemical transduction mechanism with high sensitivity, low background
Accepted: 22 June 2026 noise, and excellent controllability. However, conventional ECL systems rely on
Published: 14 July 2026 bulky, expensive laboratory instruments, severely limiting their application in

point-of-care testing (POCT) and resource-limited scenarios. The integration of
smartphones, with their high-performance processors, high-resolution cameras,
programmable light sources, and wireless communication modules, has opened a
new avenue for miniaturized, portable, and intelligent ECL sensing. This review
systematically summarizes the fundamental principles of smartphone-based ECL
detection, including ECL luminescence mechanisms, electrode configurations, and
smartphone module integration. The latest advances in representative applications
of smartphone ECL technology in bioanalysis, environmental monitoring, and food
safety are comprehensively overviewed. Particular attention is paid to the auxiliary
role of artificial intelligence, specifically the differentiated contributions of
traditional machine learning algorithms for small-sample spectral feature analysis
and deep learning architectures for high-dimensional imaging data processing, and
machine learning in solving core challenges such as weak signal detection,
background interference, and quantitative accuracy improvement. Finally, current
limitations and future development directions toward fully integrated, self-
powered, and intelligent ECL platforms are discussed, aiming to provide a
systematic reference for the practical translation of this technology.
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1. Introduction

Electrochemiluminescence (ECL) is a luminescence process driven by electrochemical reactions at the
electrode-electrolyte interface, where electron transfer generates high-energy excited species that emit light upon
returning to the ground state [1]. Distinguished from fluorescence, chemiluminescence, and other optical detection
techniques, ECL exhibits outstanding merits including ultrahigh sensitivity, strong selectivity, negligible
background interference, and superior controllability. These advantages render ECL an indispensable analytical
tool for clinical diagnosis, environmental monitoring, and food safety [2—5]. However, conventional ECL detection
relies on large and expensive analytical instruments, which require professional operation, complex supporting
equipment, and fixed laboratory environments, greatly limiting its application in field testing, emergency
detection, and resource-limited areas.

With the rapid development of mobile communication, microelectronics, and intelligent imaging technology,
smartphones have evolved into portable multifunctional platforms integrating high-performance processors, high-
resolution complementary metal oxide semiconductor (CMOS) cameras, controllable flash modules, stable power
supply and wireless communication modules. These features are highly compatible with the development goals of
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miniaturized, intelligent, and portable ECL systems, providing a universal and low-cost strategy to break the
application bottlenecks of traditional ECL technology. The integration of smartphones and ECL detection has
realized the transformation of ECL analysis from laboratory professional equipment to point-of-care testing
(POCT) devices, enabling real-time, on-site, and low-cost quantitative detection, and showing great application
potential in rapid screening, on-site monitoring, and emergency detection [6-9]. Since 2020 [10], intelligent
algorithm-assisted strategies have been increasingly adopted in smartphone-based ECL sensing, which effectively
improve signal identification accuracy, suppress background interference, optimize quantitative calibration, and
significantly enhance the intelligence and reliability of portable detection systems [11-14].

Against this background, this review focuses on the research progress of smartphone-integrated ECL sensors
from 2020 to 2026. The fundamental principles, including ECL generation mechanisms, electrode configuration
characteristics, and smartphone module integration strategies, are systematically elaborated. Representative
applications of smartphone-based ECL technology in bioanalysis, environmental monitoring, and food safety are
comprehensively summarized. Meanwhile, the auxiliary roles and implementation pathways of artificial
intelligence algorithms in ECL image processing, signal denoising, multi-signal decoupling, and high-precision
quantification are highlighted. Finally, the current challenges in this field are analyzed, and the future development
directions, including system integration, miniaturization design, intelligent algorithm optimization, and multi-
technology fusion, are prospected. This review is expected to provide a systematic theoretical reference and
practical guidance for researchers in related fields and further promote the development and practical
transformation of smartphone ECL detection technology.

2. Fundamentals of Smartphone ECL Detection

The core principle of smartphone-based ECL detection includes two key components: the fundamental
mechanism of ECL generation and the integration principle of portable smartphone detection modules. According
to the reaction pathway, ECL can be divided into annihilation ECL and co-reactant ECL. Annihilation ECL relies
on electron transfer between oxidized and reduced intermediates of the same luminophore, whereas co-reactant
ECL involves electrochemical reactions between luminophores and co-reactants to produce excited emitters.
Owing to their high luminous efficiency, stable signal output, and simple operation, co-reactant ECL systems
based on various nanomaterials, such as metal-organic frameworks (MOFs) [15,16], graphitic carbon nitride (g-
C;3Ny), and quantum dots (QDs) [17-19], have become the mainstream strategy for quantitative analysis in
smartphone-assisted portable sensing platforms.

Electrode devices provide indispensable reaction sites for electrochemical redox and excited-state generation,
which directly determine the stability and reliability of ECL signals. Three typical configurations are widely
adopted in smartphone ECL platforms: single-electrode electrochemical system (SEES), bipolar electrode (BPE)
system, and three-electrode system. SEES employs only one conductive electrode to drive both anodic and
cathodic reactions simultaneously, featuring an ultra-simple, miniaturized, wireless-compatible structure ideal for
portable and disposable smartphone-integrated detection [20-25]. BPE consists of a wirelessly powered
conductive sheet, where anodic and cathodic reactions occur separately at two poles under an external electric
field, enabling wireless ECL imaging suitable for integrated miniaturized devices [26-29]. The three-electrode
system, composed of a working electrode, reference electrode, and counter electrode, remains the most robust and
accurate configuration, and its screen-printed miniaturized format can be readily integrated with smartphone-based
portable platforms [30—32]. Notably, a distinctive self-powered ECL system has been developed using galvanized
iron that acts as both power source and working electrode, enabling wireless, battery-free ECL imaging and
quantitative analysis without any external power supply [33]. It relies on the spontaneous galvanic reaction
between the zinc coating (standard electrode potential: —0.76 V vs. SHE) and the iron substrate (standard electrode
potential: —0.44 V vs. SHE) to generate a driving potential for ECL, eliminating the need for external power and
thus reducing device size and cost. With an ultra-simplified structure, no requirement for peripheral power
modules, and compatibility with disposable detection chips, it is highly suitable for field testing in resource-limited
regions. The primary limitation lies in its fixed output potential, which cannot be flexibly tuned for different ECL
systems, and the gradual decay of driving voltage as the zinc coating corrodes, leading to signal drift during long-
term detection. Currently, the system supports smartphone-based corrosion imaging and ascorbic acid detection
with a linear range of 0.5-100 pM and a limit of detection (LOD) of 0.31 pM.

The effective integration of smartphone modules is essential for realizing portable, visual, and intelligent
ECL analysis. In a typical smartphone-based POCT platform [34], the built-in high-resolution CMOS camera
serves as the core optical detector, allowing ECL images to be captured in a dark or light-shielded
microenvironment (Figure 1). Where necessary, the smartphone’s flash can also provide auxiliary excitation for
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certain ECL systems. To quantify target analytes, custom-developed mobile applications or image analysis
algorithms are used to extract features such as luminescence intensity, grayscale values, RGB/HSV parameters,
and region-of-interest signals, establishing reliable calibration curves [35,36]. Two key technical challenges in
smartphone integration are addressed: matching the typically weak ECL signals with the camera’s sensitivity
through optimized exposure time and gain settings, and minimizing ambient light interference via enclosed dark
chambers and refined imaging parameters. Moreover, smartphones can directly supply stable power to the
electrochemical system or cooperate with near-field communication-based passive energy harvesting, enabling
compact, battery-free, and fully integrated portable ECL detection platforms.
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Figure 1. Smartphone-based analytical platform: (a,b) photos and exploded view of the full device with light-
shielding holder; (c,d) printed circuit board (PCB) design and photograph with screen-printed electrode (SPE); (e)
PCB power/data flow; (f) system block diagram and custom app interface for amperometry, potentiometry, cyclic
voltammetry, and ECL [34]. Copyright 2019, Elsevier.

3. Intelligent Algorithm-Assisted Strategies for Smartphone-based ECL Detection

In the field of data analysis for ECL sensing, artificial intelligence (AI) has emerged as a powerful tool, with
machine learning serving as its core branch. Machine learning algorithms can be broadly divided into traditional
machine learning and deep learning methods. Traditional machine learning models, such as support vector machine
(SVM) and random forest (RF), have been widely applied for classification, regression, and feature selection in
ECL spectral and sensing data analysis, particularly excelling in handling small sample sizes and high-dimensional
feature sets [10,14]. Deep learning, a subset of machine learning based on artificial neural networks (ANNSs), offers
stronger capabilities for modeling complex non-linear relationships in large datasets. As the fundamental form of
ANN, the feedforward neural network (FNN, also known as multi-layer perceptron, MLP) realizes unidirectional
data transmission from the input layer through hidden layers to the output layer with fully connected neurons
between adjacent layers. Its multi-hidden-layer variant, deep neural network (DNN), and convolutional neural
network (CNN), a specialized ANN with convolutional layers for local feature extraction, are two dominant deep
learning architectures which both extensively used for quantitative prediction and pattern recognition in ECL-
based biosensing [11-13,37—42]. The choice of algorithm should align with the dimensionality and modality of
ECL data. Traditional machine learning models, including SVM and RF, are preferentially adopted for low-
dimensional, structured spectral or electrochemical response data. These algorithms exhibit strong generalization
performance with limited sample sizes and low computational overhead, rendering them ideal for lightweight on-
site deployment on smartphone platforms. In contrast, deep learning architectures represented by CNN and DNN
are better suited for high-dimensional, unstructured imaging data. Their multi-layer nonlinear mapping capability
enables efficient extraction of spatial luminescence features and effective suppression of background noise, which
is critical for the interpretation of complex visual signals.
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As shown in Figure 2a,b, RF and FNN were adopted to fuse ECL imaging signals and amperometric
responses in a typical Ru(bpy);>/TPrA ECL system equipped with screen-printed electrodes, establishing a
nonlinear mapping between multi-dimensional signals and analyte concentration, thus improving the reliability of
quantitative detection [10]. Additionally, a high-throughput ECL immunoassay platform based on a microcolumn
array employed SVM and backpropagation neural networks to analyze RGB luminescence features, enabling
sensitive and reliable detection of SARS-CoV-2 with a linear range of 0.001-10 ng mL™! and a LOD as low as
0.86 pg mL!, while effectively reducing cross-contamination and signal interference [14]. Benefiting from low
computational complexity and rapid processing speed, machine learning is highly suitable for lightweight on-site
data analysis on smartphone-based ECL devices.

Alongside these methods, DNNs have been adopted to analyze the intricate connections between ECL signals
and target analytes. For example, DNN-assisted multiparameter prediction was applied to a multicolor ECL
detection array based on wavelength-tunable emissions from g-CN(@Ag nanocomposites, enabling highly accurate
dopamine quantification with a linear range of 0.1 nM to 1 mM and a LOD of 44 pM [18]. In contrast to structured
spectral data analysis, convolutional neural networks (CNNs) excel at extracting spatial features from ECL
imaging data. For 2,4-dichlorophenoxyacetic acid (2,4-D) analysis, a smartphone-integrated MIP ratiometric ECL
sensor using Te-doped CdS@Mn304 and Luminol as dual emitters adopted CNN-based image processing to realize
intelligent signal recognition and self-calibrated quantitative detection with excellent anti-interference capacity
[12]. Similarly, in a dual-potential ECL system for tyramine (TYM) detection, CNN-assisted image analysis was
utilized to synchronously process cathodic and anodic signals, expanding the linear range to 0.01-1000 uM and
lowering the detection limit to 0.005 pM (Figure 2c¢) [39]. Building on general CNN architectures, custom-
designed lightweight networks have been developed to meet the specific needs of rapid and field-deployable ECL
sensing. For instance, a fast ECL judgment network (FEJ-Net) was applied to a ratiometric ECL sensor constructed
from CdZnS/SnlnsSs heterojunctions and Co304/CuO nanozymes, enabling intelligent analysis of dual-emission
signals for the detection of tetracycline with high sensitivity and stability [42]. FEJ-Net was also integrated into a
MIP-ECL platform utilizing oxygen vacancy-rich Tb@Lu,O3 nanoemitters, where it efficiently processes
luminescence images to achieve ultrasensitive detection of ciprofloxacin [40].
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Figure 2. Schematic diagrams of (a) the procedure for experimental data generation (forward approach) using the
mobile phone-based ECL sensor and (b) data-driven modeling (inverse approach) using a feedforward neural
network and a random forest [10], Copyright 2020, MDPI, and (c) the construction of machine learning assisted
smartphone-based visual and portable intelligent detection of TYM in agro-food products using
Ce2Sn207/MIP/GCE [39], Copyright 2023, Elsevier.
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Collectively, these representative smartphone-coupled ECL assays, as systematically summarized in Table
1, demonstrate how different machine learning and deep learning models have been tailored to enhance detection
performance, including expanded linear ranges, lowered limits of detection, and improved anti-interference
capabilities across diverse analytes. The development of intelligent algorithm-assisted strategies in smartphone
ECL detection is moving toward more compact, lightweight, and application-specific neural network designs,
which not only enable real-time on-site analysis but also improve the reliability and portability of ECL sensing
devices, paving the way for widespread deployment in food safety, environmental monitoring, and POCT
scenarios.

Table 1. Smartphone-coupled ECL assays assisted with intelligent algorithm strategies.

Intelligent .

Target ECL System Algorithm Linear Range LOD Ref.
Ru(bpy)s** Ru(bpy);**/TPrA FI;FN 0.02-2.5 uM 0.02 uM [10]
Furosemide CdS QDs/K»S,0s CNN 0.01-100 uM 4 nM [11]

Te—CdS@Mn304/H202
2,4-D Luminol/H0, CNN 1 nM-100 uM 0.63 nM [12]
Lactate Luminol/H,0, CNN 50-2000 uM 5.14 uyM [13]
SARS-CoV-2 Luminol/H>0, SVM 0.001-10 ng mL™! 0.86 pgmL™! [14]
DA g-CN@Ag/K,S,05 DNN 0.1 nM-1 mM 44 pM [18]

Cezsn207/KszOg

TYM Ru(bpy)s>*/TPrA CNN 0.01-1000 pM 0.005 pM [39]
Ciprofloxacin Tb@Lux05/K,S,05 FEJ-Net 5x 1075 x 10? pM 0.095 nM [40]
Chlortetracycline CdZnTeS/K,S,05 DNN 0.05-100 uyM 0.029 pM [41]

4. Applications of Smartphone ECL Detection
4.1. Bioanalysis

Bioanalysis is one of the most important application fields of smartphone ECL detection technology, with
broad prospects in clinical diagnosis, POCT, and biological research. This technology has been widely used in the
detection of various biological analytes, including small biological molecules, proteins, and nucleic acids, relying
on its advantages of high sensitivity, high selectivity, portability, and rapidity.

4.1.1. Small Molecules

The portable detection of small-molecule biomarkers is crucial for early diagnosis, disease monitoring, and
personalized therapy. Smartphone-based ECL sensors demonstrate immense potential for the quantitative
detection of diverse small-molecule targets, owing to their high sensitivity and portability. In the realm of
neurotransmitter detection, dopamine (DA) represents a classic and vital target. To realize its portable and accurate
quantification, researchers have constructed a series of smartphone-integrated ECL platforms with progressive
performance improvements. For instance, Zhu et al. [43] developed a fully integrated handheld ECL device
consisting of a flexible printed circuit board electrochemical module, a silicon photomultiplier, and a Bluetooth-
connected smartphone. Based on the ECL quenching effect of DA on the Ru(bpy);?"/TPrA system, this device
enabled sensitive DA detection in urine and rat brain homogenate with an LOD of 3.5 nM, showing strong potential
for POCT in complex biological matrices. Similarly, Bhaiyya et al. [44] further proposed a 3D-printed closed BPE-
ECL device based on the same Ru(bpy);>*/TPrA system, realizing quantitative DA detection with a linear range
of 0.5-100 uM and an LOD of 2 pM with smartphone- or loT-assisted signal acquisition supporting real-time
testing. To address high-throughput needs, Pan et al. [45] designed a position-resolved single-electrode ECL chip
and a matching portable smartphone analyzer, which achieved high-throughput DA quantification with accuracy
comparable to that of HPLC-MS/MS in serum samples.

Metabolite and disease biomarker detection constitutes another significant direction. Monitoring glucose is
vital for diabetes management. Calabria et al. developed a 3D-printed smartphone ECL enzymatic biosensor
employing a two-electrode configuration with carbon black-doped polylactic acid electrodes. By pre-loading
Luminol and glucose oxidase into an agarose hydrogel matrix, they constructed a reagent-free sensor for selective
glucose detection with an LOD of 60 uM, successfully applying it to artificial serum analysis [46]. In contrast,
Wang et al. [47] constructed a CeO,:Eu*" nanozyme-based ECL-colorimetric dual-modal sensor for glucose. This
nanomaterial exhibited excellent ECL performance with K,S,Os as a co-reactant, and its ECL intensity was
effectively quenched by H,O, generated from glucose oxidation, enabling highly sensitive detection with an
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impressively low ECL-mode LOD of 0.033 nM. Galactose detection is significant for newborn galactosemia
screening. Nie et al. [48] developed an innovative co-reactant modifier amplification ECL sensing method using
nitrogen QDs for the portable diagnosis of galactose, with a linear range of 0.5 uM to 15 mM, an LOD of 0.16
puM, and successful application in spiked human serum samples.

Detection of other bioactive small molecules has also been reported. Adenosine triphosphate (ATP) serves
as the universal currency of cellular energy. Nie et al. developed an ECL biosensor based on Fe;O4s NP@ZIF-
8/MoS, QDs, incorporating a nanosurface energy transfer strategy. Using a smartphone to capture ECL imaging,
they achieved portable ATP detection with a linear range of 0.05-200 nM and an LOD of 0.015 nM [49]. On this
basis, Zhang et al. [50] further constructed an ATP aptasensor using L-cysteine-regulated polydopamine
nanoparticles combined with an inner filter effect, achieving an ultra-low LOD of 3.79 fM with clear smartphone-
based ECL imaging, further expanding the application of visual ECL analysis for ATP. Colchicine (COL) has a
narrow therapeutic window requiring precise monitoring. Wu et al. [51] synthesized tegular carbon nitride
nanosheets with a thickness of only 1.5 nm and combined them with molecularly imprinted polymers to construct
anovel ECL sensor. Utilizing their self-developed smartphone-based ECL imaging device to guide sensor surface
modulation, they reduced the LOD by four orders of magnitude, significantly improving COL sensing
performance. Through regulation with o-fluorobenzoic acid, Li et al. [17] constructed porous graphitic carbon
nitride with nitrogen defects capable of generating tunable multicolor ECL emission from 465 nm to 550 nm. For
the first time, they established a smartphone-based multicolor ECL array and realized the discrimination of five
polyphenols via principal component and hierarchical cluster analyses.

4.1.2. Proteins

Tumor marker proteins have been extensively explored as typical analytes in portable ECL platforms. A
smartphone-based molecular imprinting (MIP) ECL microscope was constructed for the visual quantitation of
alpha-fetoprotein (AFP) in saliva, utilizing a gold nanorods@polyethyleneimine@ferrocene (AuNRs@PEI@Fc)
composite as a dual-mechanism quencher and Ru(bpy);?* as the emitter, achieving an ultra-low detection limit of
4.5 fg mL! for non-invasive liver cancer screening [52]. For carcinoembryonic antigen (CEA) detection, Shan-
Shan Shi and colleagues [53] reported a smartphone-based POCT platform using ZrsMOFs loaded with Fc-DNA
as signal amplifiers, as illustrated in Figure 3. This platform achieved an LOD of 0.33 pg mL ™! and showed reliable
performance in human serum, demonstrating potential for on-site cancer biomarker screening. In addition, a
subsequent smartphone-compatible ECL  biosensing platform leveraged Fe-Co-CeO,@TisC2(OH),
heterostructures with rich oxygen vacancies and FeCo-NH,-BDC as dual signal-amplifying probes for CEA
detection, delivering an LOD of 12.42 pg mL ! over a linear range of 35 pg mL ™! to 50 ng mL !, further expanding
the scope of portable clinical screening [54].

Figure 3. Schematic illustration of smartphone-based ECL sensing platform for CEA detection [53]. Copyright
2024, Royal Society of Chemistry.

Viral and pathogenic proteins have also been accurately detected via smartphone-assisted ECL strategies,
which is highly desirable for rapid on-site screening of infectious diseases and health risks. A smartphone-
integrated self-enhanced ECL array chip was developed for the label-free detection of SARS-CoV-2 nucleocapsid
protein, utilizing Ru/PEI@SiO, nanocomposites as ECL emitters and a SEES to enhance portability, achieving a
low detection limit of 0.47 pg mL ™! within a linear range of 1-10,000 pg mL! [55]. Beyond tumor and pathogenic
antigens, smartphone-integrated ECL platforms have been successfully applied to the detection of cardiac disease-

https://doi.org/10.53941/nenp.2026.100016 6 of 13



Du et al. Nano-electrochem. Nano-photochem. 2026, 2(3), 16

related biomarkers and functional enzymes. By integrating NH,-MIL-88 metal-organic frameworks that
encapsulate tetraphenylethylene aggregation-induced emission molecules as nanoconfined catalytic reactors, a
smartphone-adopted aggregation-induced ECL (AIECL) imaging system was designed, enabling intelligent,
accurate, and on-site analysis of cardiac troponin I (cTnl) with enhanced local reactive species concentrations [15].
Furthermore, A CulnZnS QDs-based ECL sensor was developed for the visual detection of superoxide dismutase
(SOD), where SOD competitively consumes hydrogen peroxide to quench the QD ECL signal, achieving a low
detection limit of 0.03 pg mL™!, supporting portable SOD monitoring in human blood samples [56].

4.1.3. Nucleic Acids

Nucleic acid detection, including DNA, microRNA (miRNA), and gene methylation analysis, is a cornerstone
of clinical diagnosis, cancer screening, and infectious disease monitoring, and smartphone-integrated ECL sensing
has emerged as a powerful, portable solution for this purpose. A ratiometric and enzyme-free ECL sensing platform
was constructed for BRAF gene detection, utilizing sulfur-regulated boron nitride QDs as luminophores and an
amplified surface plasmon-coupled ECL (SPC-ECL) strategy with gold nanoparticles; the system achieved a
detection limit of 0.3 pM over a linear range of 1 pM to 1.5 nM, with ECL signals directly observable via
smartphone imaging for portable on-site analysis [57]. For HPV 16 DNA detection, a high-efficiency ECL sensor
was developed based on Zn-doped MoS, QDs with sulfur vacancies and reductive Cu(I) particles as catalytic signal
amplifiers, integrated with a DNA walker amplification cycle. The biosensor realized sensitive detection from 0.1
nM to 200 nM with a LOD of 0.03 nM, and the entire battery-powered system was compatible with smartphone
imaging for POCT [58].

For miRNA detection, multiple smartphone-assisted ECL strategies have been developed to achieve ultra-
sensitive analysis. A polydopamine nanoparticles (PDA NPs) @MoS; nanosheet aerogel ECL sensing system was
designed, where the aerogel prevented nanoparticle aggregation and facilitated electron transfer to amplify ECL
signals by over 60 times; combined with a target-catalyzed hairpin assembly (CHA) sensing mode, the platform
achieved visual detection of miRNA-126 with an ultra-low LOD of 0.56 aM, and the bright ECL emission was
clearly captured by a smartphone [59]. Although this LOD demonstrates exceptional sensitivity in standard buffers,
further optimization regarding anti-interference capabilities in complex biological matrices is required. In addition,
two Ru(bpy)s**-based MOF ECL biosensors were established for miRNA-21 detection with smartphone-assisted
readout. One employed 3D zinc oxalate MOFs to confine Ru(bpy);>* chromophores and magnetic beads for dual
signal amplification, enabling detection from 1.56 to 100 nM [60], while the other used Ru(bpy)»(L)** @MOF-5
with nucleic acid cycle amplification and ferrocene-mediated signal quenching, achieving an extremely low LOD
of 7.2 fM over a linear range of 1.0 x 107'*t0 1.0 x 107 M [61].

Beyond single nucleic acid targets, a closed split bipolar electrochemistry ECL system was developed for the
visual one-step simultaneous detection of RASSF1A and SLC5AS8 gene promoter methylation in papillary thyroid
cancer. The system utilized Luminol -loaded Fe;04@UiO-66 and AuNRs@C3;N4 NS as ECL emitters on BPEs.
With ECL signals recorded by a smartphone camera, it achieved discrimination of methylation levels as low as
0.01% with over 90% clinical sensitivity in patient plasma samples, enabling early cancer diagnosis and
therapeutic response monitoring [62]. Collectively, these advances demonstrate that smartphone-integrated ECL
sensing, combined with nanomaterial signal amplification, nucleic acid amplification strategies, and portable
imaging, provides a versatile, sensitive, and user-friendly platform for nucleic acid detection in clinical and
portable settings.

4.2. Environmental and Food Safety

Environmental and food safety monitoring represents a critical application domain for smartphone-integrated
ECL sensing, enabling on-site, rapid, and sensitive detection of heavy metal ions, mycotoxins, antibiotic residues,
and pesticide residues in complex matrices. In heavy metal detection, smartphone-coupled ECL strategies have
enabled rapid, field-deployable monitoring of heavy metal ions and environmental pollutants including Hg?*, Cu®*,
and Cr*" [63-65]. For example, a dual-modal ECL-colorimetric sensor was established for Hg?" analysis in
environmental water using Ru(dcbpy);?*-functionalized metal-polydopamine frameworks and thymine-rich DNA
probes, achieving an ultralow detection limit of 0.32 pM with smartphone-assisted visual readout [64].

For mycotoxin analysis, a suite of innovative smartphone-compatible ECL platforms has been developed to
tackle foodborne hazards. A closed BPE array ECL aptasensor was engineered for aflatoxin M1 (AFM1) detection
in milk, where Luminol -functionalized silver nanoparticle-decorated graphene oxide served as signal tags; the
smartphone-based readout delivered a linear response across 10-200 ng mL™! with a LOD of 0.05 ng mL™,
alongside exceptional reproducibility in complex dairy matrices [66]. To further enhance sensitivity, a dual-mode
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colorimetric-ECL aptasensor was constructed for aflatoxin B1 (AFB1) screening, leveraging ZnO@MWCNTs/g-
CsN4 nanosheets and CuO@CuPt nanocomposites for synergistic signal amplification and quenching, yielding an
ultra-low LOD of 0.971 fg mL™! ideal for portable food safety diagnostics [16]. Beyond single-mode detection, a
portable ECL imaging test strip with dual-signal outputs was designed for AFB1 quantification in corn samples,
utilizing Ru-PEI@SiO>@Au nanospheres as luminescent probes. Notably, the ECL imaging mode achieved a 10-
fold lower LOD than the standalone colorimetric mode, enabling on-site sensitive detection with robust practicality
[67]. Besides, a zero-background BPE-ECL biosensor was fabricated for ochratoxin A (OTA) detection in beer,
in which ZnCoN-C was employed to regulate driving potential, allowing smartphone-assisted ECL imaging with
ultrahigh sensitivity and suppressed background interference [68]. Similarly, a dual-mode ECL-colorimetric
system was constructed for deoxynivalenol (DON) monitoring by using COF@Luminol as emitters and CuO
nanorods as catalysts; the nanoconfinement effect significantly enhanced ECL efficiency, and smartphone-based
imaging permitted label-free visual detection without nucleic acid amplification [69].

For antibiotic and pesticide residue detection, smartphone ECL systems have been tailored for high-
specificity, field-deployable analysis. As illustrated in Figure 4, a dual-mode ECL-colorimetric sensing platform
was innovated for tetracycline (TC) residue detection, utilizing CeO,-porphyrin heterogeneous frameworks (CeO»-
POF) as a multifunctional material that integrated ECL luminophores, co-reaction accelerators, and peroxidase
mimics in a single structure. The system achieved a LOD of 0.57 pM via smartphone for portable ECL food
analysis, outperforming commercial ELISA kits in real-sample recovery performance [70]. A high-performance
ECL aptasensor was also developed for diazinon (DZN) residues in vegetables, employing tris(2,2'-
bipyridine)ruthenium(Il) as a luminophore and PEI-Ag/Cu nanoclusters for signal enhancement. Its smartphone-
readout system delivered a wide linear range of 1.0 to 10° pg mL™" and a low LOD of 0.3 pg mL™!, with exceptional
specificity against common interfering pesticides, demonstrating its practical utility for on-site vegetable screening
[71]. Complementing these, a low-cost smartphone-based ECL sensor was constructed for phenolic compounds
(vanillic acid and p-coumaric acid) detection, leveraging the ECL quenching effect of phenols on the
Ru(bpy)s>"/TPrA system at disposable screen-printed carbon electrodes, achieving LODs of 0.26 uM and 0.68 uM,
respectively [72].
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Figure 4. Schematic illustration of smartphone-based dual-mode ECL-colorimetric for detecting TC residues with
CeO2-POF as a multifunctional probe [70]. Copyright 2025, Elsevier.

4.3. Emerging and Interdisciplinary Applications

In addition to well-established bioanalysis, environmental monitoring, and food safety screening,
smartphone-assisted ECL sensing has demonstrated remarkable versatility ranging from pathogenic monitoring
and forensic identification to pharmaceutical evaluation, corrosion diagnosis, and fundamental luminescence
research.

For microbial detection, Liu et al. established a visual ECL nanosensor relying on resonance energy transfer
and surface plasmon-coupled luminescence for Shiga toxin-producing Escherichia coli gene detection employing
BN QDs as luminophores and AuNPs as signal quenchers, and this smartphone-readable platform achieved a
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detection limit of 0.3 pM within a linear range of 1 pM to 5 nM [73]. Complementing this, Li’s group developed
a graphene QDs-amplified ECL system for whole-cell Escherichia coli analysis based on the Ru(bpy)s;>"/TPrA
system, in which smartphone-controlled portable excitation and camera imaging were combined to realize
quantitative detection over a range of 10 to 10’ CFU mL™!, showing great potential for point-of-care pathogenic
screening [19].

Smartphone-coupled ECL devices also exhibit unique advantages in forensic science, anti-explosion
screening, and security identification. For trace nitroaromatic explosive detection, Li et al. [74] developed a
smartphone-based system using silica nanopore membrane-modified screen-printed electrodes, where the
interpenetrating electron and ion channels within the nanopores enhanced Ru(bpy);>*-based ECL signals. By
smartphone-controlled USB-OTG stimulation and camera readout, combined with RGB/HSB/Gray multi-mode
image analysis, the platform achieved sensitive detection across 1077103 mg mL™! with a LOD of 2.3 x 10° mg
mL"!, enabling reliable on-site explosive residue screening. Additionally, smartphone-integrated ECL imaging
systems were established for high-resolution fingerprint mapping and biochemical sensing, enabling direct
visualization of fingerprint grain details and sweat pores, while also supporting in situ analysis of exogenous
substances including nicotine and trinitrotoluene (TNT) via ECL quenching, offering a rapid, non-invasive tool
for forensic investigation and biometric recognition [75,76].

For pharmaceutical analysis and drug monitoring, a smartphone-based ECL-MIP sensor was developed using
Ag"@UiO-66-NH,-decorated CsPbBr; perovskite nanomaterials as high-efficiency emitters for nitrofurazone
detection. Powered by a rechargeable lithium-ion battery and combined with smartphone camera readout and
machine-learning-assisted image analysis, the platform achieved a linear response from 0.5 nM to 100 pM with
an ultra-low detection limit of 0.09 nM [77]. In addition, a smartphone-compatible ECL microscopy (SECLM)
system was constructed for visual captopril imaging detection, utilizing Zn-MOF-encapsulated Ru-bpy complexes
as ECL luminophores and MIP for selective recognition. The system demonstrated linear quantitation across 1-1
x 10° uM with a detection limit of 0.29 uM, providing a portable strategy for pharmacokinetic studies and drug
toxicology research [78]. In summary, these applications highlight the significant potential of smartphone-based
ECL sensing to meet customized, portable, and intelligent detection needs in interdisciplinary fields.

5. Conclusions and Perspectives

Smartphone-integrated ECL detection has emerged as a transformative portable analytical platform,
synergistically combining the inherent high sensitivity of ECL with the ubiquity, advanced imaging capabilities,
and computational intelligence of smartphones, effectively breaking the reliance on bulky centralized laboratory
instrumentation for on-site, cost-effective analysis. Notably, traditional machine learning excels with low-
dimensional spectral/electrochemical data, whereas deep learning is better suited to high-dimensional imaging
tasks. While current deployments span bioanalysis, environmental monitoring, and food safety, several critical
gaps remain to be addressed for practical translation, including insufficient system integration, signal instability,
limited anti-interference capability, and a lack of generalizability in Al models. Future development is expected
to focus on the design of highly integrated, miniaturized, and self-powered portable systems, driven by innovations
in screen-printed electrodes, wireless energy supply, and compact optoelectrochemical modules. Lightweight deep
learning models deployed directly on smartphones will facilitate real-time edge computing, enable multimodal
signal fusion, and support adaptive noise reduction. Meanwhile, generalizable Al frameworks adaptable to diverse
ECL systems and analytes are urgently needed to replace case-by-case model training. With continued innovation
in functional materials, device architecture, and intelligent algorithms, smartphone ECL sensing is poised to
achieve higher levels of sensitivity, stability, and analytical autonomy, paving the way for broader application
prospects in POCT, food safety surveillance, and real-time environmental monitoring.
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